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In order to address these disadvantages, several authors suggested using generative adversarial networks (GANs) to synthesize new images from a training data set of real images [10] . Using Age-Related Eye Disease Study (AREDS) dataset of 133, 821 fundus images, Burlina et al. , generated similar number of synthetic images to train DL model [11] . They reported DL models trained with only synthetic images showed performance nearing that resulting from training on real images. Therefore, the aim of this study was to assess whether a GAN neural network could synthesize realistic OCT images that satisfactorily serve as training datasets for DL algorithms and education images for retinal specialists. 6 
METHODS:

Datasets
Approval was obtained from the institutional review board (IRB) of Shanghai Children's Hospital (identifier, 2018RY029-E01) and Shanghai Shibei Hospital (identifier, YL_201805258-05) to conduct the study in accordance with the tenets of the Declaration of Helsinki. The informed consent was not required due to the anonymized usage of images and the retrospective study design.
In current study, we used OCT images from Kermany et al's datasets (abbreviated as Cell's dataset). The detail of this study and Cell's dataset had been described previously [7] .
Briefly, a DL model was trained using a dataset with totally 108,312 images after a tiered grading system. The whole training datasets included 37,206 with choroidal neovascularization, 11,349 with diabetic macular edema, 8,617 with drusen, and 51,140 normal respectively. The study further categorized images with choroidal neovascularization (CNV) and diabetic macular edema (DME) as ''urgent referrals.'', drusen and normal as "non-urgent referrals". In original study, 1,000 images (250 from each category) were used as a local validation set. To test the generalization of synthetic OCT images and DL models, a second clinical testing set was collected from department of ophthalmology, Shanghai Shibei Hospital (SSH), from July 2018 to Feb 2019. After searching local electronic medical record databases, totally 278 OCT images were downloaded using a standard image format based on the manufacturer's instructions (Heidelberg Spectralis, Heidelberg Engineering, Germany). The clinical dataset comprised 130 OCT images with urgent referrals (CNV and DME) and 148 OCT images with non-urgent referrals (drusen and normal) respectively.
Development and Evaluation of Generative Adversarial Networks (GAN) Synthetic OCT
Images
We adopted progressively grown Generative Adversarial Networks (PGGANs) to synthesis high-resolution OCT images [12] . GANs consist a discriminator network (D) and a generative network (G), which is trained by adversarial learning strategy. With the adversarial learning between the G and the D, the generative network is promoted to generate fake with much more similarity to the real images. PGGANs is an extension to the GAN training process and achieve high-resolution synthetization (in this study, 256 × 256 pixels) by alternating training and adding new network G and D. To generate OCT images with correct anatomical structures, a sketch guidance modules G that contains the edge and detail information was added to growing networks G [13] . With each additional layer, the resolution is increased (eg, from 4 × Firstly, they were asked to determine whether the image quality is sufficient for clinical grading. Once finished grading, they were informed that image set composed of a mixture of real and synthetic images and asked to determine whether image is real or synthetic.
Evaluation of GAN Synthetic OCT Images Used for DL Classification
To assess whether synthetic OCT images can be used as training dataset for DL model, we evaluated diagnostic performance of urgent vs. non-urgent referable classification by comparing 2 DL models trained on real (DL_Model_R) and synthetic (DL_Model_S) OCT images respectively. Transfer learning with fine-tune technique was adopted to build the DL models by using a modified Inception V3 architecture with weights pre-trained on ImageNet [14, 15] . After removing the final classification layer from the network, we further retained DL models with real and synthetic OCT images independently. DL models were implemented in To test the generalization of DL models, we assessed of the DL models in 2 different test datasets. The first local validation dataset composed of same testing dataset from Cell's dataset and the second clinical validation dataset collected from SSH. The DL models' classification performance in both local and clinical validation dataset was then compared for DL-R and DL-S.
Statistics
The performance of our algorithm was evaluated in terms of area under the receiver operating characteristic curve (AUC), precision, recall and f1 score with 2-sided 95% CIs.
On. The formulas for calculating the Acc, precision, recall and f1 score were defined as:
where TP, TN, FP, and FN are the true positives, true negatives, false positives, and false negatives, respectively.
All statistical analyses were performed using the Python and Scikit_learn modules (Anaconda Python, Continuum Analytics).
RESULTS:
Image Quality and Discrimination between Real and Synthesizing OCT Images by Human
Experts Figure 2 demonstrates some examples of the synthetic OCT images. Overall, our approach is capable of generating OCT images that are realistic. The results of image quality graded by 2 retinal specialists are shown in Table 1 . Retinal specialist 1 rated 1.5% of real images to be poor quality vs 2% of synthetic images. Retinal specialist 2 rated 2% of real images to be poor quality vs 2.5% of synthetic images. Our results revealed that both real and synthetic OCT images have approximately same quality for human experts.
When comparing discrimination between real vs synthetic OCT images, our results showed that 2 human experts had limited ability to discern real from synthetic images, with an accuracy of 59.50% (95% CI: 53.5% -65.3%) for retinal specialist 1 and 53.67% (95% CI: 47.8% -59.5%) for retinal specialist 2.
Performance of DL Classification on Real and Synthesizing OCT Images
The diagnostic performance of 2 DL models, testing in local Cell validation and clinical validation datasets, are shown as confusion matrices in Fig. 3 Table 2 . Figure 5 is their ROC curves. Overall, moderate performance decrease was achieved in both local and clinical validation dataset when using DL model trained only with synthetic OCT images, but the performance was still considered to be good.
Discussion
In this study, we developed and evaluated GANs adopted to generating high-resolution
OCT images with urgent and non-urgent referrals. The results suggest that synthetic OCT images can be used by clinicians in place of real images for education or clinical training purpose.
Moreover, moderate performance decrease using the synthetic training data set, suggesting that synthetic OCT images can also be served as augmentation of training datasets for use by DL models.
Deep learning (DL) have make dramatical progress for discriminative medical image analysis tasks and achieved performance exceeding traditional machine learning and close to that of human experts [16] [17] [18] . However, DL approaches require a large number of high-quality data.
An obvious approach is data sharing from different centers. This is often impeded by IRB concerns, patients' consent, or proprietary data restrictions. Moreover, the implementation of data sharing requires hardware and software investments, expertise and is labor-intensive. Recently, GANs are proposed to generate synthetic images that matches the real images via an adversarial process. GANs have been successfully applied to many medical image synthesis tasks, including retinal fundus, melanoma lesion, CT and MRI images synthesizing [19] [20] [21] . Burline et al suggest ed that GANs-synthesized fundus images of AMD are realistic and could be used for both education and for machine training [18] . Using similar GANs model mentioned by previous study, our results also shown the ability of GANs to synthesize realistic OCT images. This result was encouraging in that the GANs can generated synthetic OCT image with high quality assessed by human experts.
The potential application of this technique is promising, as our study also showed that
GANs OCT images can also be served as image augmentation for both clinical purpose and DL 
